Maize yield data were collected in seven agricultural fields irrigated by centre-pivot irrigation systems, in Southern Portugal, from 2002 to 2004. These data were then correlated with different primary and secondary topographic attributes. The attained correlation coefficients were used to evaluate the relationship between yield spatial variability and each individual topographic attribute. In this three-year period applied water was always lower than crop water requirements. The increase of applied water in 2004 resulted in an improvement in average yield and especially in yield spatial stability. Average yield showed a strong dependency on topography, with high correlation coefficients between yield and elevation and slope. It presented also a high correlation with topographic indices that reflect field water availability, such as the wetness index and distance to flow accumulation lines (DFL). The DFL index was the topographic index with higher correlation coefficients with yield. The negative coefficients of correlation between yield and DFL, attained in most fields in the three-year study period, show that, in general, yield increases with the decrease of DFL, i.e., with the increase of water availability. In undulating land areas flow lines are very abundant, which means that, in these conditions, the DFL index can be a good tool to evaluate yield spatial variability. ª 2008 IAgrE. Published by Elsevier Ltd. All rights reserved.
Introduction
The availability of geo-referenced yield data obtained with yield monitors has allowed several researchers (e.g., Blackmore et al., 2003; Marques da Silva, 2006) to make a detailed and precise characterization of yield spatial and temporal variability. Yield variability may be caused by many factors, but one that is most frequently related to yield is topography (Kravchenko and Bullock, 2000) . Topography affects soil physical and chemical properties, by erosion and deposition processes (Ebeid et al., 1995) , organic matter content (Changere and Lal, 1997; Kravchenko and Bullock, 2000) , and, most of all, water availability (Hanna et al., 1982; Verity and Anderson, 1990) .
The development of GIS technology has made it possible to easily create digital elevation models (DEMs) for terrain analysis. From these DEMs several topographic attributes can be derived use in yield variability analysis. Wilson and Gallant (2000) divided topographic attributes in two categories: (i) primary attributes, computed directly from the DEM and (ii) secondary or compound attributes, computed by combinations of primary attributes. These secondary attributes are physically based or empirically derived indices that can characterize specific processes occurring in the landscape (Moore et al., 1991) . Many of them describe hydrological processes related to topography, and are frequently referred to hydrologic attributes (e.g., Iqbal et al., 2005) .
The most common primary attributes used in studies of topography-yield relationships are elevation, slope, aspect, curvature, flow length and upslope contributing area. As to the secondary attributes, flow direction, flow accumulation, distance to flow accumulation lines (DFL), wetness index, stream power index (SPI) and sediment transport index (STI) are the most commonly used.
Most studies analyzed only the relationship between primary topographic attributes and yield variability (Sinai et al., 1981; Jenson and Domingue, 1988; Moore et al., 1993; Changere and Lal, 1997; Timlin et al., 1998; Yang et al., 1998; Bakhsh et al., 2000; Kravchenko et al., 2000; Kaspar et al., 2003) . The relationship between yield and secondary topographic attributes is less frequently found (Kravchenko and Bullock, 2000; Iqbal et al., 2005 ; Marques da Silva and Silva, 2006) .
Secondary attributes are important because they can be used to ''quantify the role played by topography in redistributing water in the landscape'' (Wilson and Gallant, 2000) . And water availability has been referred to by many researchers as the most important factor contributing to yield variability (Sinai et al., 1981; Wright et al., 1990; Sadler et al., 2000; Camp and Sadler, 2002) .
The main objective of this study was to analyze the relationship between several primary and secondary topographic attributes and irrigated maize (Zea mays L.) yield spatial and temporal variability in different cultivated fields. Attributes with a significant correlation with yield over time can then be used as preferential tools to tackle processes or delineate management zones in a field.
2.
Materials and methods
Yield data collection and analysis
This study was conducted using data collected from seven adjacent agricultural fields in Fronteira (Lat: 39.09307 ; Long: À7.611332 ), located in the Alentejo region (Southern Portugal). The fields and respective evaluated areas were the Eucaliptus (13.8 ha), Arribana (15.5 ha), Cevada (21.1 ha), Bemposta (32.0 ha), Meia Lua (36.8 ha), Cristalino (40.0 ha) and Azarento (62.0 ha). All fields were irrigated using centre-pivot irrigation systems. The predominant soils of these fields are classified as VerticLuvisols and HaplicRegosols (FAO, 1998) with sandy clay loam and sandy surface textures, respectively. The topography of this region can be characterized as undulating with soil depths varying from 0.3 m at the higher elevation positions of the fields to more than 1 m at the lower positions of the fields.
Maize yield data were collected over the period from 2002 through 2004, using a Claas Lexion 450 combine harvester with a cutting head of 4.5 m, equipped with a CEBIS information system, which allows grain yield data to be obtained with an error of 5%. The data were analyzed in accordance with Blackmore and Moore (1999) to eliminate identifiable errors, and the weight of collected grain was adjusted for grain moisture (140 g kg À1 ). Yield data for all the years were standardized on a 2 m Â 2 m grid using a 10 m search radius. This was to ensure that each cell of the grid had data from at least three harvester tracks avoiding the existence of cells with no information or non-typical information when adjacent values were considered.
In the three years of the study, and in all fields, maize was sown in late April/early May and harvested in September. Maize variety and crop management techniques (including fertilization level, pesticides applications and soil tillage) were similar for all fields and can be assumed as non-yield limiting factors. The producer used a reduced tillage system, involving a small subsoiler (30 cm depth) prior to sowing. In areas with higher slopes the farmer used reservoir-tillage (Hackwell et al., 1990) , with the objective of storing non-infiltrated water and avoiding excessive runoff from high landscape positions to low landscape positions.
In all three years there was very low precipitation during the crop cycle (Fig. 2) , and this means that plant water needs had to be fulfilled by irrigation water. The year 2003 was the driest and also the one that presented higher temperatures, especially in the more water sensitive stages of crop development in late July and August.
The irrigation management practices were approximately the same for the seven studied fields. With the meteorological data from the nearest meteorological station available, and considering a plant crop cycle of 140 days, the average irrigation requirements calculated with the CROPWAT program (Smith, 1995) were around 635 mm/season, 645 mm/season and 690 mm/season, respectively, for the years 2002, 2003 and 2004 . The irrigation requirements for each individual field presented small differences from the average values essentially due to the specific sowing date and the predominant soil type. Applied irrigation water was about 550 mm in the first two years and about 600 mm in 2004, for all fields. This means that in the three-year period of the study applied water was always below the irrigation requirements.
Topographic attributes
A 'Trimble RTK/PP -4700' global positioning system (GPS) survey-grade receiver was used to carry out a topographical survey of the irrigated areas; sampling density was 5 m in the row and 5 m in the inter-row. The horizontal and vertical errors of this system were less than 0.02 m and 0.04 m, respectively. A grid-based DEM with 1 m resolution was constructed by importing point elevation data obtained from the topographic survey to ArcView software (ESRI, 1999 ). An irregular network of triangles (TIN) was calculated on the basis of the point data. This vector information was converted into a raster DEM by using the 'Spatial Analyst v1.1' grid-based geographic analysis module (ESRI, 1999) .
Before deriving topographic attributes based on elevation data, pre-processing was required to fill depressions known as sinks in the data. The process of filling increases the values of cells in each depression to the value of the cell with the lowest values on the depression boundary (Jenson and Domingue, 1988) . This type of processing can greatly increase the measurement accuracy of hydrological flow directions.
Using the grid-based geographic analysis module Spatial Analyst v1.1 and the 'hydrology v1.1' extension of ArcView software (ESRI, 1999) , the following topographic attributes were derived from the DEMs ( Fig. 1) : elevation (Elev, m), local slope gradient (S, ) (Horn, 1981) , plan curvature (PlCurv, m À1 ) (Burrough and McDonell, 1998) ) (Jenson and Domingue, 1988 ).
These topographic attributes were then used to calculate the following indices. Considering the specific catchments, area and the slope gradient, a steady-state wetness index (W, m) was calculated according to Moore et al. (1988 Moore et al. ( , 1993 . The wetness index is a hydrological-based compound index and has been used to characterize the spatial distribution of surface saturation and soil water content in landscapes. The SPI (Moore et al., 1992) can be used to characterize erosion due to concentrated flow, and the STI (Moore et al., 1992) , which is very similar to the SPI index, depending also on local slope and contributing area.
Buffer classes around flow accumulation lines
The DFL index was recently introduced by the authors (Marques da Silva and Silva, 2006) and has been shown to be a good tool to characterize the yield spatial variability associated with a specific DFL. Linear distance to the nearest flow accumulation line was calculated for each individual cell of the irrigated area. After calculation of linear DFL, nine classes of distances, each with a 5 m range, from 0 to more than 40 m, were created (Fig. 3) . Within the buffer areas delimited by these classes, average yield, coefficient of variation (CV) of yield and topographic attributes were calculated.
Results

Yield data
Average yield, considering all studied fields (Table 1) Table 2 presents the correlation coefficients between primary topographic attributes and yield. In most of the studied fields, and years, elevation has a high negative correlation with yield. This indicates higher yields at lower landscape positions. The exceptions were the Arribana field and some years in the Cevada field. Correlation coefficients were either positive or negative for each individual field in the three-year period, with the exception of the Cevada field that presented a different type of correlation in 2004 comparing to the other two years. Slope was also negatively correlated with yield in most of the fields. In all studied fields, correlation coefficients between slope and yield were either positive or negative in the three-year period. As to plan curvature, the correlations with yield were similar to those observed with elevation.
Primary topographic attributes and yield
3.3.
Secondary topographic attributes and yield Table 3 presents the correlation coefficients between yield and secondary topographic attributes. With the exception of the Cevada field in the first two years of the study, the wetness index and flow accumulation showed a positive correlation with yield and a negative correlation with DFL. The correlation coefficients between yield and both the wetness index and DFL were generally high. With flow accumulation there was a lower correlation. Therefore, there are, in general, higher yields in areas with more water availability (high correlation with the wetness index). Also, there is a decrease in yield with the increase of distance to flow lines. The SPI and STI indices characterize erosion and deposition processes, particularly the effects of topography in soil loss, and were generally positively correlated with yield. Most of the correlation coefficient values were lower but there were some high correlation values, both positive and negative. The higher correlation coefficients between yield and SPI or STI presented the same type of correlation as found between yield and flow accumulation.
3.4.
Comparing DFL with other topographic attributes
From Tables 2 and 3 it is possible to observe that the DFL index generally presents the higher correlation coefficients between b i o s y s t e m s e n g i n e e r i n g 1 0 1 ( 2 0 0 8 ) 1 8 3 -1 9 0 maize yield and topographic attributes. It was also the topographic attribute or index that showed the highest number of years with correlation coefficients with yield above 0.70, considering the seven studied fields and the three-year period (Table 4) . These values confirm the strong relationship between DFL and average irrigated maize yield. Besides the DFL index, the other two attributes having a greater number of years with correlation coefficients with yield higher than 0.70 are the wetness index and elevation.
Discussion
Yield data
Applied irrigation water in the three-year period of the study was always below the irrigation requirements. Therefore, in most cases, average yield values (Table 1) were lower than might have been expected, according to the yields generally attained in the region in similar conditions. With the exception of the two smaller fields (Eucaliptus and Arribana), yields in 2003 presented the lowest average values in the three-year period. These lower yields can be explained by very high temperatures, above 40 C, recorded on the last days of July and first days of August. The unexpectedly high temperatures increased the difficulties in managing irrigation and the periods of water stress led to lower grain yields.
The increase of applied water in the third year (2004) showed an improvement in average yield comparing to the previous years in half of the studied fields. But more important than that is the decrease in yield variability, which occurred in all fields, with the increase of applied water.
Topographic attributes and yield
The negative correlation between yield and elevation shows that in general lower landscape positions had higher yields. Higher yields at lower landscape positions have been frequently referred to in literature (Stone et al., 1985; Afyuni et al., 1993; Changere and Lal, 1997; Kravchenko and Bullock, 2000; Iqbal et al., 2005) . Since the irrigation amounts, in all years, were below crop water requirements it was to be expected that lower landscape positions would have higher yields. Water tends to accumulate in concave areas and lower landscape positions, and higher water availability leads to higher yields. The negative correlations between yield and curvature found in this study were also reported by Kravchenko and Bullock (2000) . Kaspar et al. (2003) have also found negative correlations between maize yield and relative elevation, slope and curvature in years with above-normal precipitation. They suggest that this negative correlation could result in part from the effect of erosion and terrain attributes on soil properties that could affect water infiltration and storage. The existence of positive correlations between elevation and yield, observed in two of the studied fields (Table 2) , can be explained by higher clay content in the first soil layer at higher landscape positions of these fields. The higher clay content is due to erosion processes that have removed the soil A horizon leaving the B horizon at the surface. The B horizon has higher clay content which stores more water in dry years. With more availability of water there is a yield increase. This phenomenon was also reported by Ebeid et al. (1995) .
High correlation coefficients, either negative or positive, between a specific attribute and yield, can express a significant effect of the factor on yield variability. Low correlation coefficients show that there are other factors with a greater effect on yield variability. The Azarento field presented high correlations with all primary attributes in the three-year period, showing that yield variability in this field is particularly dependent on topography. As to the other fields, the relationship between yield and primary topographic attributes is not so consistent. Nevertheless, there are some high correlations between yield and individual topographic attributes. The Arribana field presents, in the three-year period, high correlation coefficients between yield and slope, and the Bemposta and Meia Lua fields between yield and elevation.
The complexity of topography in undulating land areas can also lead to some limitations in the use of these primary topographic attributes. For instance, the slope index cannot distinguish areas with low slope values in high landscape positions from those in low landscape positions. The elevation index also presents limitations since a specific elevation value can be attained at the top of a small hill or at the bottom of a small depression in a higher landscape position. These limitations can cause low correlation coefficients between yield and some attributes.
The high positive correlation between yield and the wetness index indicates that water availability is an, if not the most, important yield-affecting factor. The positive correlation between yield and flow accumulation means that yield is higher in areas where water flow converges, thus having more water availability. The DFL index confirms this, since there is, in general, a decrease in yield with the increase of DFL (negative correlation). These results are in accordance with those reported in other studies. Iqbal et al. (2005) found a positive correlation between the wetness index and cotton lint yield. Kravchenko and Bullock (2000) found both positive and negative correlations between flow accumulation and maize yield in different studied fields. They explained these different types of correlations with the relationship between topography (especially curvature) and precipitation events along the growing season. Marques da Silva et al. (submitted for publication) found that, near flow accumulation lines, soil Eucaliptus  2  1  0  1  2  0  0  1  Arribana  3  0  0  1  3  0  0  0  Cevada  2  1  1  1  1  2  2  1  Bemposta  1  3  3  3  3  0  0  0  Meia Lua  2  3  0  2  3  0  0  0  Cristalino  0  1  1  1  3  0  0  0  Azarento  3  3  3  3  3  0  0  0   Total  11  12  8  12  18  2  2  2 b i o s y s t e m s e n g i n e e r i n g 1 0 1 ( 2 0 0 8 ) 1 8 3 -1 9 0 depth was greater. The combination of greater soil depth and higher water availability gives plants better conditions to grow, thus producing higher yields. The positive correlation coefficients between yield and DFL found in the Cevada field for years 2002 and 2003 are caused by low yields attained in areas with excessive soil water content. The use of irrigation systems with high water application rates, often exceeding 100 mm h À1 at the outer end of the machine, can lead to problems of excessive water at the soil surface due to the lack of capacity of the soil to infiltrate water at the same rate as it is applied. The Cevada field (Fig. 1) combines three factors that promote the existence of areas with water saturation and drainage problems: (i) the irrigation machine has high application rates exceeding soil infiltration capacity; (ii) the field has a significant elevation difference between high and low landscape areas; and (iii) all major flow accumulation lines converge at the same side of the field. The positive values of DFL in these two years agree with this hypothesis. There was a decrease in yield near the flow lines that can only be explained by drainage problems. The higher correlation coefficients between yield and SPI or STI presented the same type of correlation as found between yield and flow accumulation. In row crops, especially in undulating topographies, the pattern of water flow across the landscape is very complex. Field observations showed that there were significant runoff processes in several irrigation events. These runoff processes were aggravated in areas with high slopes and crop rows in direction of the slope. Runoff water would produce wide channels along the row crops creating preferential paths for water movement and increasing water erosive power.
4.3.
In theory, yield should only be associated with DFL until a certain distance from the flow line. However, in fields with undulated topographies flow lines are very abundant, which means that in practice this relationship is maintained at field level. All topographic attributes try to condense, into a single value, relevant information about relief. But secondary attributes are very dependent on primary attributes. Also, some of the secondary attributes are calculated based on the same primary attribute. Therefore, there can exist some redundancy between some attributes. This can be observed when comparing DFL with other indices. Table 5 shows the correlation coefficients between DFL classes and the values of other topographic indices in these classes, considering all fields. As expected, there is a high correlation between DFL and the wetness index. Normally, near flow accumulation lines there is higher soil water content. And, since flow accumulation lines are normally located in concave areas and low landscape positions, the high correlation coefficients attained between DFL and plan curvature or DFL and elevation were also to be expected.
Conclusions
Average irrigated maize yield presents a strong dependency on topography, which is confirmed by high correlation coefficients with elevation and slope. But it has also a strong relationship with water availability, showen by high correlation coefficients with the wetness index and DFL. The DFL index had the highest correlation coefficients with yield. It presented also high correlation coefficients with other topographic attributes. This proves that, in undulating land areas, this index can be a good tool to evaluate yield spatial variability.
The decrease in the coefficients of variation of yield that occurred in 2004, the year with greater amount of applied water, shows that water management is a very important issue when attempting to stabilize maize yield spatially. Water availability has been shown to be an important yieldaffecting factor, which means that a more accurate determination of the crop water requirements can improve not only yield variability but also average yield. r e f e r e n c e s 
